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O.d Introduction 

During the ne*,t decade it will become practical to use no re and 
more sophisticated techniques of automation -- we shall call 
this "robotics'* -- both In established Industries end I n new 
areas, The rate at tjii E ch these techniques become available 
will depend very much on the way in which research programs are 
organised to pursue them* 

The issues involved are rather large and touch not only on 
technical matters but also on aspects of national economic 
policy and attitudes toward world trade positions* 

The project lie re In proposed [ s concerned with the development of 
two particular aspects of Robotics, namely; 

1, Development of a miniature hand-eye system, 

t. Development of remote, ARPA-NETWORK style opera t Ton of 
robotic systems, En whEch simple jobs are handled locally 
while more complex computat Eons are done on larger, more 
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central Eiied, machi nts , 


The follovidng sections espialn why we fed that these areas 
deserve particular attention at this time* Ue will discuss some 
General issues first, and then concentrate on the particular 
subjects noted above, 

l.U Automation and Mass Production 

1 he &reot development of mass production, in the early twentieth 
century, centered around the realization that machine tools 
could be made so precise — without prohibitive expense — that 
one could build stocks of Interchangeable parts for later 
assembly by irnnsk111cd labor, 

This led to a hu^e variety of automatic production machinery 
special lied to fabricate parts and components, A similar 
development took piece in the manufacturing of materials to meet 
new standards of uniformity imposed by the needs of the 
automatic fabricat ion equipment. The modern assembly 11took 
shape, but the Automation of Assembly Itself did not develop so 
rapidly, and today it is the major consumer of unskilled labor 
In the factory* 


The direction of progress in this general development was always 
toward precision and inflexibility. The integrity of the 
production line increasingly came to depend on uniformity of 
materials, precision of positioning and repeatability of the 
Machine processing operations* The major investment in setting 
up such assembly lines restricted their use to high-volume 
ope rat 1 Oils, 

In the late ID Set's some new elements began to appear In the 
automation area. "Humeri cal-control" production equipment came 
to maturity, A numerlcal-control machine is, more or less, a 
convent 1unal machine tool such as a lathe or a milling machine, 
with motorized controls that are operated by a preprogrammed 
recording Casually on a punched tape). Such machines can produce 
very complex machined parts economically because the extra costs 
of such machines pay off in reliability and speed over manually 
operated machines (where a single mistake can ruin hours of 
work). The skill of the human operator, in making judgments 
about quality of cut and compensation for tnol wear, is replaced 
by careful planning* control of materials, and scheduled 
replacements of tools. In sophisticated systems, such parameters 
as tool wear compensation are programmed in advance, 

Along with this came some advances in automatic inspection* 
Devices have appeared which can verify, afterward, whether the 


pr ^programmed operation aeheived its goal. For example, one tan 
buy machines; that can be programmed to probe the walls of an 
engine block to see that the cylinders were properly bored, that 
the interior surface is Intact, and that the dimensions era 
correct to within required tolerances* 

It would he mistake, however, to get tlie impression pf n 
continuous, rapid, and steady progress In automation, The 
modern factory Is riot very different from that of twenty years 
ago, and there Is little backlog of technical ideas for further 
advances, because research in advanced automation has come to a 
near standstill In recent years* Except for the projects 
sponsored by the Advanced Research Projects Agency, and vjo-rk in 
Japan, we know of no sophisticated Industrial research projects 
In this field. Certainly, we know of no such projects In any 
Industrial research laboratory! 

In particular, fabrication and Inspection have not been very 
we 1 1 mated, on the whole. There Is very little n cyber net i c 11 
activity In modern factories; few meter 1al-handllng processes 
use advanced kinds of feedback interaction, because of this, we 
find little automation of complicated assembly, ^nd no 
significant work on automated service, maintenance, or repair. 


The outsider gets- a different impression* "Industrial robots" 
have appeared on the public scene, Tn the form of the pro- 
programmed pos[Liuner-grosper machines of the Unimate or 
Vt-rsatran cl ess, Cut except i n a very few cases, these are used 
in much the same manner gs specia 1-purpose positioners, without 
significant sensory feedback, because this lack of "Ttitel Huont 
feedback” makes it impossible to use the potential versatility 
demonstrated in the ARPA robotics experiments, these 41 robots' 1 
have not yet had any really substantia! impact on production* 

To summarize! we have the impression that despite a 
superficially healthy appearance, the past two decades have seen 
a pernicious decline in acquisition of basic new production 
techniques* What is wOrS-e, there is little Indication that the 
community of economic advisors Pi as sensed this technical aspect 
of the productivity problem. 


2*0 New Application Areas 

A vigorous research and development program, over the next 
decado, could lead to substantial progress In such areas as 
listed below. These are only examples of applications; it is 
hard to see how any field could remain unaffected. 


2,1 General Product Ton 

The outstand i rig applications of Advanced Automation to 
product [on. In the near future, will be in assembly, test [tip, 
finishing; etc., rather than In the fab r teat ton of large numhers 
of simple parts lwhich is already substantially automated) or 
even complicated parts, 1S ke engine hlocks {which also are 
economi cal 1 y produced E*y special purpose systems). R-u t advanced 
automat ion wil1 nonethe less profoundly change the factory 
because of these possibilities: 

Assembly lines 

The traditional soeci allpurpose automation devices 
were based on having just a few operations at each 
M station”. This dictated the linear arrangement of 
work stations, with the work moving from one point to 
another, and dTfferent parts brought to different 
stations. The genera 1-purpose assembler would work 
mre centrally, with many operations performed rt the 
same station, arid the parts all brought tn that point. 
If the assembly machines can SEE, the parts heed hot 
bo so carefully posTticmed and cuuld come In mined 
arrangements, on demond, or on prepared trays. 


"tin Dowid 1 ’ production 


Tbe arrangement just described might seen at first 
sight a step backwards! irould not the centralisation 
of assembly (Instead of distrihutson along a line) 
cause traffic problems? This potential problem could 
usually be resolved by mixing parts on a very few 
supply lines, And the payoff would be large for these 
Indirect reasons To begin with, the versatility of 
tht! systom neduces the length of the production ''runs" 
required for economy* Today* every run requires the 
committment of substantial space and effort to set up 
the line and construct Lhe special purpose machines at 
each station. Thls Is too expensive unless the run 
produces a large stock of Items* Accordingly, one can 
only attempt to balance the anticipated demand against 
the expenses of carrying large stocks and tying up 
capital Investment* In any case, one has to pay the 
price of ions advance order times. With the advanced 
system one will be able to switch from one product to 
another without stockpiling many finished items* One 
still needs to have components available> to the 
extent that they are not also subject to T, cm demand" 
f a br|cation. 

f'reparedfpess without stockpiling 

The attractive possibility, then, is to be able to get 
rapid production of complicated units quickly when 


they ere reeded, without pre-production of all tile 
j Ler.is one night need quickly under all significant 
contingencres* This also means that in anticipating 
a future demand, one need not make, fn advance, 
uncertain specfflcat ionsl Instead, one may be able to 
write conditional branches Into fabrication and 
as&ernbiy programs, so that one can nake the final 
specifications just before delivery time* 
"individualized" mass production. 

Perhaps the post exciting aspect of Advanced 
Automation, from a social and humanistic standpoint. 

Is the ufiy In whTch ft can reverse the "inechanlzatl on" 
that was a natural consequence of the first industrial 
revolution! The inevitable result of early na 5 s 
production was unlform|jation of products, Clothing, 
for example, had to come Tn a standard variety of 
sizes. Shoes were characterized by two parameters, 
"width" and "length", While the production economy 
meant that there could be more shoes, they had to be 
worse fits! So the quality of life had to give way to 
the quantity, This price no longer needs to be paid! 

The new machines could be much more responsive* 

Clothes could he cut and made to fit a dimension fTle 
for even picture 1) for each person. Plumbing modules 


could be fabricated for each particular installation, 
given a file describing blip current state of a house- 
plan, Vie leave this whole area to the reader’s 
imagination, simply noting that while one can not 
expect much change In the costs of materials, over the 
next few years, one can he certain that the cost of 
computation will continue to drop. 


1.2 Medicine and Health 

Anyone who has been hos.pl taHzed will remember enough 
complaints to make enumeration of examples here unnecessary. 
Vie recognize that there has. been rapid progress in semi" 
Intelligent data processing for medically relevant analytic 
arid diagnostic procedures., (Even more has been done to 
automate, for better or for worse, the fiscal operations of 
the hospital.) Hut, except for some procedures in the 
hospital laboratory,, there has been no Improvement in the 
quality of personal patient treatment and care, 

There are too many factors contributing to the Inadequate^ 
degrading, expensive, and downright dangerous aspects of life 
in the hospital for us to rev E ew here, Etut It is clear that 


many of the wsl; serious firgb 1 ems stem from the economic 
irlpossi bi IT ty of providing cout 3 ruous, ser$ttive, end 
unub1 ius i vc attention to the patient 1 s state -- medical 
parameters, physical position, mobility, and comfort, and his 
needs and wants -- to say nothing of adapting his treatment 
schedule to hTs actual (rather than his anticipated) 
condition, 

We can best show how advanced automation is relevant to this 
area by specific examples* An immediate application of 
physical robotic techniques Is needed In Radiation Therapy, 
an area of medical treatment that is currently In such short 
supply, and 50 poorly administered, as to constitute a public 
scandal and a continuity of private tragedy. 

In attempting to destroy a region of tissue, by appropriate 
forms p-f radiation, one i^ants to deliver carefully calculated 
doses of radiation to the site, because other structures 
between the area in question and the beam source must get 
smaller doseti, elaborate computer programs For treatment 
planning have been -written and dehugged that Integrate nahy 
small doses from carefully positioned booms In nary 


d j rections 


Thu problem is not simply geometric; one may want to 
concentrate the dose on tissues- close to the spinal cord, nr 
to the aorta, which nay be exceptionally sensitive to smaller 
amounts of stray exposure. The calculated treatment plan may 
appear to be adequate, mathenatlCalty, hut delivering the 
dose is another matter, Patients move* Beams era shaped by 
a combination of aperture shaping at the beam source and 
stacks of lead objects near the patient* Setting these up 
takes time, and they may slip, etc. Ideally, one viants to 
move the source through a smooth trajectory, with 
corresponding [Vtotion of the shielding blocks, but this Is 
impractical today, so we approximate hy a few Fixed 
positions* In any case, it is extremely hard to be sure 
that the patient position stays within the retired few 
millimeters* in a very few centers in the irorld, expensive 
machines and a substantial, highly trained staff, can give an 
accurate treatment in thirty minutes or so. (A course of 
treatment is a great many such sessions,) Even so the dose&e 
is uncertain and accidents of positioning and exposure are 
much more common than anyone will dare admit. Rut of the 
people need frig such treatment do not get to these centers, 
and do not even get the benefit of the mathematical 
praealculat I on of the proposed dosage. 


The solution Is evident: the beam position, aperture, and 
shielding; set-up should be outdated, as should the 
nap I pul at Son of the patient 1 5 gross position,. Visual 
monitoring of reflecting markers on the patient’s surface 
should be fed back to the machine's physical adjustments, and 
to its beam modulation devices* Fluoroscopic feedback from 
the patient’s internal structures could also be processed hy 
the vision computer, using natural structural shadows or 
imp I anted radio-opaque markers* Files of the progress of the 
treatment plan could be maintenance in the system, and the 
exi>osure built up accurately, The effective duty cycle of 
the machinery and staff would thereby be raised to a 
reasonable level* 


ft her medical applications 

The applications of miniature robotic hands In surgery 
are simply fantastic, even if used without any 
computer at all, simply uith remote master-slave 
control* One could do extensive Internal examination 
through a very small laparotomy without much trauma, 
and many kinds of repair. One could do mechanical 
engineering in the middle ear, the heart, the eye, 
dentistry, etc*, etc. The domain of microsurgery 


cou 1 cl lias 3 Jy be great 1 y extended* Ife car. aider it best 
to leave such via tons to the Imagination, because 
spelling them out co u 1 d only a r oil a e skepticism* 

People wfia have to read this proposal through bifocals 
wilt agree that our fcroat techhulo&y ought to be able 
to offer them isiore- help* Imagine an adjustable 
eyeglass lens activated by a sensor that is operated 
by tho eyebrows, or better, by a tiny sensor buried in 
the muscle xj- 1 thin the eye that Is unsuccessfully 
trying to focus the ocular Ians* 


2*3 Mining anti Undersea Resources 

No one should have to be exposed to dangerous i-.iinlng conditions* 
The elaboration of versatile inexpensive naster-s1ave dev fees, 
again even without advanced automatic control systems, should 
totally change this situation.* beeper, narrower, more extensive 
subterranean exploration ought to open all sorts of new 
resources to economic development. The same obviously holds for 
undernea activity, and undersea mining. There Is no reason why 
mining should not become an elegant white-collar activity, 
carried on from perfectly comfortable control sites, even one's 


home! 


i ndeed, the fact that alt sorts of skilled manual tabor could be 
done from arbitrary locations should have a deep, and generally 
positive, effect on many aspects of our crowded city life! It 
is fun to Imagine the full consequences of having versatile, 
economical, remote naster“sl av-e devices, 


2*4 Housing 

Housing is also subject to Improvements both In fabriction and 
assembly* The current concept of f, prefabr i cat Icm" is a very 
weak form of the idea, for housed ought to be adapted for the 
needs of their inhabitants* The design phase, with substantial 
programmed help, should produce programs both for fabrication of 
the parts and for assembly at the site, taking the special 
features of the site Into account. The machines used today for 
site preparation and construction are already, in fact, more 
advanced as manipulators, than the equipment used in factories; 
and we can expect them to move further in that direction* It Is 
difficult to predict very much of what will happen in this area, 
of course, because it Is so subject to radical changes in 
materials and methods. 

2*5 Transportation 


Automat ion of the transportation of people has been extremely 
slow to develop, presumably because of the extreme constraints 
on safety* Imaginative proposals of all sorts, from simple 
traffic control devices to advanced moving belts and capsules, 
have always been rejected because there was no technology for 
reliably sensing where the people are and what they are doing. 
The possibility of eyes that can really see, and hands that 
could swiftly but gently correct a dangerous si test loo, could 
make a great difference In this area. 


2 .6 Space 

Advanced automation could have a dramatic effect on the 
character of space exploration and application, hy drastically 
changing the balance of costs and reliability. There ere three 
basic factors here. 

1. The use of a central nan I pul a tor^sensor system 
to operate all onboard systems can greatly 
increase the effective paytoed of a mission, hy 
reducing the gross Weight of the experiments and 


cq u1pma nt. 


2, The use nf the nan I pula tor system maT.es 
possible the cerfflti; maintenance and repair of 
spacecraft systems, removing redundancy/ and 
using the same structural parts for different 
appl E cotion£. 

3 * Tower, size, weight, structural strength/ 
endurance, process speeds, reliability, 
maintenance and hazard control all become less 
rigidly constrained without the astronaut, yet 
mission objectives can still be sophisticated and 
adaptsble. 

The basic Idea is simple* The reliability of the mission should 
be Invested primarily in the central computer and the hand-aye 
system. Then Et becomes possible to diagnose faults and correct 
them by changing modules or making minor physical repairs with 
EVA and zero G manipulation being mainly programming problems, 
Even faults En the motors moving the eye can be bypassed by 
using the hand to make such adjustments. 

The versatility of the gener31-purpose hand-eye system can be 
exploited In the construction of very large, delicate, antenna 
systems In space, avoid Eng the requirements of complex self- 


erecting structures and, pos si b 1 y, reusing materials no longer 
needed in earlier phases of ths n 1 j s ion. Increased cinterna size 
reduces the communication power requirments and lienee the 
overall weight of the pay Toad# The same i £ true for activity at 
a remote landing site, sucli as laying out a phased array antenna 
on tlie ground* 

Another Important point concerns Internal measurements. 
Ordinarily, to measure the temperature of, say, a fuel tank, one 
would implant a sensor and run a wlre to a central telemetering 
station, IF one Imagines a earners eye in the spacecraft cabin, 
one can simply weld a bimetal appendage to the surface in 
■question, and view Its deflection visually with the eye. At 
virtually riu cost in equipment or reliability, one could mount 
thousands of simple sensors to any number of surfaces within the 
spacecraft, measuring temperature, pressure, strain, current, 
etc*, etc., without any central connections, reading them all 
wi Lh Che eye. 

Similarly, the scientific and navigation Instruments could be 
loosely coupled to the system* Even celestial observations could 
be made by the eye, through convenient lenses and reticles, 
without complicated special instrumentation. Dials on 
conr.mn i cat I on equipment could be read, anti simple adjustments 
made by hand, tripling antennas, deflecting vernier thrust 


units* etc, etc 


It E& our I impress Ion that the philosophy of spacecraft 
mission design has evolved continuously in the direction of 
"fplI-soft" roll ability pngEnoering* making subsystems more 
slid more autonomous so that some will function when others 
fail. This, we feel* Is a typical evolutionary trap that one 
cannot break out of by small steps! Lte conjecture that the 
time has come to consider the possibility that the chances of 
mission success are sreater if we do the opposite -- put all 
our ete s i n one basket! *- namely* In the central-computer 
hand-eye system -- and use its versatility te provide the 
fail-soft quail Ety of the miss ton in a centralized way. If the 
computer falls* the mission Es lost* hut we have come to 
accept that this is true for the booster* and should sec it 
In the same light* 

Typical of the resulting payoff; In space* a few simple beams 
and adjustable clamps* a modest variety of optical and 
electrical components* etc,* snake ft possible to construct an 
inexhaustible variety of optical Instruments* spectroKrophs* 
analytic devices* image transformers and filters. Ion sources 
(even for propulsion), and so on* A small mission of this 
character could very possibly accomplish more than an 
enormously (iiore ex pens Eve and complex manned space station* 


civeir a period of a couple of years 


With the rcfiTO te maintenance possibilities, one could expect 
very long functional lifetimes for such a craft* 


5,7 huclear Power Industry 

A1though the very idea of master-slave manipulation 
originates in the env 1 ronnient of fond ling radioactive 
materials, nr\(\ the present technology for hands Is Inherited 
mainly from the ^EC-developed prototypes,* this development 
lias been handicapped by chronic funding I inti tat ions within 
the A.EC Itself. The first workable force-reflecting 
servoroechanisms for master slave control seem to have come 
from this source, but even today thief r available manipulators 
are very clumsy and poorly Eire E cul ated. Thie design of 
nuclear reactor components is still severely limited by the 
constraint of having to be serviced (If at a 113 by such 
devices, anti it seems to be generally felt thiet the 
possibilities of intervention. In case of reactor 
malfunction, are dangerously restricted. 


As for servIcing small devices remote 1y, neither the AEC, 

14ASE|[H or ONR (who should be mentioned because of their 
prowl men t role in contracting for advanced remote 
man!pulators hi connection ‘with undersea applications) have 
riadp any significant steps toward development of the smaller 
manipulators to which this proposal Is directed, in 
particular, we wonder what plans exist for servicing small 
reactor components. 


Agriculture 

This is an area that might seen quite unrelated to the others, 
but it i.iay be very Important, If ue look far ahead to an era in 
which smalt but capable programmed hand-eye devices are mass- 
produced inexpensively, we see applications that are very 
Important* |4e mention this area with trepidation because it 
may seem too fantastic now to take seriously. 

To make the points plausible, we must Interject a note 
on costs. Today, a re search project involving a 
computer, mechanical hand and eye, and adequate staff. 
Is a major Investment, and one must get over the habit 
of thinking of such devices as nultiml11 ion dollar 


facilities-* The cost -of a smalt hut powerful 
computer, in a decade, will approximate 1, 000 dollars, 
and will be still decreasing:* The cost Of a h i 
resolution notorized eye will he loss than 1000 
dollars. The Interface equipment will he the saric 
order; the cost of a versatile mechanical band with 
sensors Ts hard to estimate* Gut if they do find wide 
application In other industries, it Is reasonable to 
expect tiie cost of a good hand also to cone below 
1,0 01) dollars, eventually. Therefore, it is 
reasonable to consider applications of hand-eye 
systems, before the lOUG period, at costs running well 
under 5,000 dollars, with complete mobility. Tills Is 
less than a typical farm machine today, and much less 
than one with operator costs added in* 

Such machines open the possibility of individualized, automated, 
attention to alt phases of planting, soli preparation. 
Inspection, weeding, fire fighting, rie-insecting, harvesting, 
and new techniques for separation of plant ports. In some coses 
one could consider new methods of fertilization unusual 
trimming of seedlings, new mass crafting methods, and 
application of small amounts of Insecticides to specifically 
vulnerable anatomical sites on each plant* Large nests, such as 
caterpillars, could be removed Individually without the use of 


any insect!cl des at nil* Uo leave ether facets of the concept 
of i -rid i v i dua 1 plant attention to imaginative agr i cul tural 
spec 3 a I I s Ls + 

Another fantastic possibility nay exist in the rehabilitation of 
acreage to new uses, by careful implanting of simplified 
artificial ecologies. In the near future, we can expect the 
emergence of enough mature agricultural science to -rlesign mini 1 * 
ecologies for soil rood i f i cat i on# in v/hicii a spaced mixture of a 
variety of different plant, insect, and bacterial ingredients 
can be expected to lead to a viable and useful territory. Put 
the economic application of such ideas would require some thing 
like an inexpensive and versatile mobile hand-eye machine. 


Foreign Competition 


3 *<] 


A niiciun can nut e*oect to permanent 1y maintain a competitive 
position. In the face of declining per capita productivity, by 
any combination of purely financial maneuvers, such as 
support! rig industries ivhose balance Is ireak, or adjusting prices 
from above, or by manipulating tariffs and foreign exchange 
rates, 

Uur productivity has declined for several reasons* Our 
economists recognize social causes Involving the needs and 
aspirations of finer!can workers. But they do not seem aware of 
the long-term effects of allowing basic Industrial research to 
dec!Ine* 

A chemical firm can benefit directly be investing in the 
development of a new product, technique, or even theory* A 
photographic firm can pull ahead by winning a new result from 
phoLographi c research. but basic research In general production 
methodology only benefits everyone, not particularly the firm 
that pays the hil] for learning how to do It, This moans that no 
manager <pf a large corporation ear rationally decide to make a 
large Investment in basic industrial research! And no such 
manager has, in fact, done this* 


In some other countries, there is a cons clous awareness of this, 
and signs of systematic programs to do something: about It, If 
other countries can advance, not rier-ely i n making particular 
products but in practical general knowledge about production 
Itself, the effects on us could be very scrTous, since there Is 
no reason to expect that the average American worker Is going to 
become r,;ore dedicated to Improving Fils own personal 
produc t Ivlt y S 


U . 0 


I ssues TIiat Need Study 


Here are some nf the problems that must be solved to moke this 
field develop more rapidly. 

1, Which methods of machine vision will Fie the most 
effect T ve? 

2. What should he done to improve the mechanical 
dexterity yf the manipulators? 

3+ What can be done to make the control programs more 
Intel 1igent? 

4+ How can we Improve education In Robotics at several 
universities? 

5 * Should there be an institute fur Research on 
Ad v a ri c ed Au t orna 11 o n 7 

ti + Kuw can we develop laboratory equipment and systems 
to stimulate experimental work and training In this 


field? 


7> Uliat should ho done about Micro-Automat Ton? 


sfiii proposal 3 s concerned primarily with the last two 
•q u os L (o n s , 


5,0 


Current State of the Field of Robotics 


lif(jrk on robotics is today at a natural turning pofiit* Nearly 
enough is now known about computer-control 1 ed manipulation to 
Make H applicable in practical situations, but Ft will take a 
long time for this to happen unless the Methods and the hardware 
aru simplified, systenstized, and fliade more widely avaiTable. 

To describe the state of this art, it is convenient to summarize 
the situation [n our own laboratory, which is probably the most 
advanced Tn at least some respects. A complete ''hand-eye 
coordination 11 computer system lias been constructed that can 
visually analyse a real-world scene composed of many simple 
arbitrarily-placed objects, and then physically rearrange that 
scene, Fur example, ft can be told to make a copy of an existing 
physical structure us Tog the same, or other parts, because such 
a system must contain e great many sub-programs, each of which 
may be undependable and In any case depends in complicated ways 
on wlLet tire system "thinks” It perceives at each stage, we were 
not able to use conventional programming methods to obtaTn the 
required behavior. The new system is largely based on using the 
"psttorri-di rected” control methods of the new PLANNER language* 
It stitl has the status uf a demonstration end research tool, 
with severe practical limitations, but nevertheless may be a 
turning point fn learning how to put together subsystems tfiat 


use very different kinds of Information structures* 

The practical limitations of this system are really very severe. 
The visual objects must be polyhedro -- objects with flat 
surfaces ““ and optically very clean, because the visual 
analysis system does not know about textures or surface 
decora11 ons* The manipulation abilities .are equally 
rudimentary; the machine knows to grasp objects only between 
parallel plane surfaces* so cannot pick up most non-rectangular 
objects. Those limitations apply algo to the other robotics 
proj ec t s, 


The 1 angusse-understand1 ng system of Terry Uinograd Is able to 
coordinate a substantial amount of knowledge about grammatical 
English with schematic knowledge about real-world physical 
structures, to produce the effect of understanding intentional 
and explanatory statements* flee auso the ''meanings* 1 of words end 
syntactic structures are described 1r terms of processes that 
Interact both with the 1anguage-analysls and physical problem¬ 
solving aspects of the situation, the system can construct 
meaningful Interpretations of statements, questions* and 
commands that might be ambiguous. Incomplete, or ungrammatical 
by traditional linguistic criteria* This system, (or theory, as 
it more properly should be viewed! obtains a drong t f c Increase 
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combinatorial search Involved Co test whether a gi ven 
proposition Is valid or not. It Is Intended to be a general 
formalism In which knowledge in a dcmain can be combined and 
integrated. Realistic problem solving programs will need 
vast amounts of knowledge* We consider all methods of 
solving problems to be legitimate. If a program should 
happen to already know the answer CO the problem that It is 
asked to solve, then It is perfectly reasonable for the 
problem to be solved by table look-up* Vie should use the 
criterion Chat the problem solving power of a program should 
increase much faster than In direct proportion to the number 
of things that It Is told* The important factors In judging 
a program are Its power, elegance, generality, and 
efficiency* 


in expressive povior because of Fts use of u procedural 
definitions 11 In addition to traditional syntactic rules, fly 
introducing o collection of "semantic specialist 11 program 
operators (whose activity Is triggered by such events ns 
occurrenco of particular words during the 11 par sins" phase} we 
can handle □ variety of problems connected wi tti the semantics of 
o particular task environment. These processes convert the 
English text Into new programs (in the PLANNER language) which 
obey corrlands or cause the execution of appropriate problem’' 
solving or question-answering procedures. This makes it possible 
to solve linguistic problems that could not be handled by 
earlier syntactic theories. Much remains to be done in extending 
the semantic end reasoning resources of the system* 

in our laboratory,, the hand-eye and the linguistic control 
sysLems have not been mated together, mainly because vie have 
been more concerned ui tli extending each of then than wfitli facing 
the problem of coordinating and standardising two obviously 
Inadc-cuate subsystems* in the work at Stanford* such a 
coordination ( of two much simpler systems) Si as been carried 
through on a demonstration basis* in Fact* with the rudimentary 
English language semantic system preceded by a rudimentary 
speech-analysis system so that Lhe rohot can carry out certain 
kinds uf very simple verbal commands, 


j he- following laboratories have sQph 1 1 1 i cated robotics projects 
at the present time; 


nlT Artificial Intell ieeticc Laboratory (ARPA) 

Stanford Artificial Intelligence Laboratory fARPA) 
Stanford Research Institute (AttPA) 

Edinburgh Machine Intelligence Pept* (Scotland) 

E1ectroTechnical Lab,, Tokyo Japan 

There are also many smull projects In untversifies and 
Industrial 1 aborator i es, but these , r jre all below f, cr|tfcal nas$" 
and usually do not product* much. They start and stop* Some of 
the obstacles to rapjid progress are! 

Manpower --- Very feu highly qualified people are working 

on advanced systems In this area* There are only a few 
places where one can learn about what is known, vrl th 
access to appropriate equipment* The exist in?, centers 
do not have enough staff to take on many more 
students. 


Hardware -The available optical and mechanical equipment 

Is clumsy, unreliable, expensive, and requires special 
Interfaces, To start a robotics project, today, means 


to beg! n an engineering; project 


Software-Tire programs and subroutines developed In the 

major projects ore available only with difficulty, are 
undocumented, nod run only on their parent computers, 

Ft teller level programs, mainly In USP and related 
systems, are easier to transfer, hot the lower tevet 
vision and real-time motor control systems depend on 
unique hardware and are non-transferrable» The most 
advanced new systems at MIT are Tn the new PLANNER 
language, which is becoming available slowly, but 
depends on large memory confEgurations tliat will not 
he generally available for a few years. 


To get around these problems, we think the best strategy Ts to 
construct a self-contained research equipment package to make it 
easy to begin robotics work at other centers. It should include 
simple but adequate robot hardware, enough of a program library 
and local computation power for some research and applications, 
and provision for access to larger computation facilities via 
the ARPA network. The system we propose to construct will be 
inexpensive, relative to the present projects, and It will be 
small enough to fit In a large office, so that starting such a 
project will not be a major corsnf t tnent for an average 


uni vers fty or Industrial laboratory, t5 y working through the 
network^ we hope to avoid the problem of transferrlug high-level 
systems from one machine to another* Ur do not think the latter 
practical* The systems are changing too rapidly, depend on 
features of the local Machine and time-sharing system, and the 
transfer could be made only by diverting the research staff 
invy1ved. 


What To Ho Next? 


G. 0 

We Relieve that the fol levying two Ideas am a basis for a Rood 
way to move ahead. 

Thesis 1. R eniii to Operation is Feasible 

We consider It practical to study advanced automation using a 
si;ialt computer that controls directly the robot hardware, dons 
some local computation, and serves as a terminal for larger 
computations carried on elsewhere. Although real-time bandwidth 
problems limit some applications, many Important applications 
arc still feasible. High-speed real-tine operation is not po 
important In this research as it might at First seem. For 
example, there Is still a great deal of vision research that can 
bo done us Teg stored picture {(atari oven In the case of moving 
objects. 


Thesis 2, Small Scale Rohotlcs has Important Advantages 

We believe that the most practical physical size range, hath for 
research and application. Is the o„nn1 inch resolution range. 
This scale Is conveniently we]1^developed both In mechanical and 
optical respects. This decision will lead, wo think, to neat, 
and dependable equipment, and to highly motivated work pointed 


toward opening up new applications in the nlcro-scale areas, 

Some people have reservations about this, sugges t i nj; that in 
making tile e d u f pme o t small one may get involved with too many 
new problems at once* Tims is discussed in the next Ejection* 
Certainly, a proposal to attempt robotics at a microscopic level 
would be open to this criticism, but we are talking ahout moving 
Into a well established range of the low^precTsion machine tool 
industry, and not a hyper-modarn microminiaturization area* The 
CuGfll' 1 size range has already so much established technology 
that it will make most mechanical and optical problems easier* 
The key points are that: 

Precision machine tools; 0,1]01 11 3s considered 11 low precision"* 

Optical microscopy: o*&0l" is 50 times optical resolution* 

Thl Ei means that in both areas we remain far away from serious 
practical limitations. 


What Si?c Hangs for the Mini -Robot? 


7. ll 


All current robotics projects arc scaled to a working area of 
the order of one meter, wl Eh mechanical resolut 3 ons f open-cyc In) 
of s few millimeters* This Is also the general ranee of the 
largo, standard, industrial nanipul ators of the Ver&stran and 
Unirnato class* L]f course, it is also the scale that humans 
like, wh e n wo r k i n g wit ho u t t h e use of T n s t r ume n t s . 


Vie will not discuss larger site ranges,, such as might he useful 
in construction, warehousing, etc* Cut let us review the 
problems of various smaller scales* 

One millimeter r ** s o 1 1 r t i o n 

It would be very difficult to make the present projects' 
equipment work in this or any smeller range* The mechanical 
design of the commercially available mechanical arms cannot be 
refined to this degree,because of problems with structural 
deformation and stability of the positioning servos* Optically, 
there would lie no problem* 


■One-tenth mi 111 meter resolution 


The mechanical problems with present equipment would he even 
^orso. If the equipment were to he redesigned, this sUf range 
would still he Illogical, because there would he no problem in 
reaching the next size range discussed helotv* 

Due-thousandth Inch resolution C.025 mil 1 T Impter ) 

0*1101’" is considered "low precision 1 " In the machine tool area. 
The entire spectrum of equipment from the machine tool Industry 
is available, from milling machines to measuring devices; 
effectors and sensors. It Is easy to make now devices with this 
tolerance using ordinary machine tools, fit is not much more 
difficult to reach tolerances of 0*0002 or so, with higher 
precision tools, to provide the margin one needs for making 
comp 11 ca ted 0*0 hi devices;: rt quickly becomes much harder to 
reach higher precision than that.) One possible product of thfs 
whole program, of course, would he microminiature machine tools 
of still higher precision* 

Optically, things are also extremely favoralile for this size 
range. While It Is theoretically possible to resolve spatial 
Intervals smaller than h* nu□■bt^0 , ' l to. 001 mm3 Tn visible light, 
one wants to say away from fundamental physical limits by a 
sizable factor* To reach limits of optical resolution one needs 
special equipment, all Immersion, careful control of lighting. 


and eKfcrchiel y Inconvenient restrictions on depth of field and 
clearance. The 0,0Dl lf resolution is 50 wavelengths, and can he 
reached by simple/ inexpensive, magnifying devices with large 


fields of view 

end arbitrary ^.jerking distances 


The r>, o0Q1" range. 


Here we woutd be in serious problems, both optically and 


median! cal 1 y* 

T) * POOl is only four wavelengths of yellow light. 

end would be a 

very high machine-tool precision, Sensors would 

be rather hard 

to obtain* This range is not out of the- 


question, because the technology of biological micrompnppuletors 
operates there, and we could extend those devices* However# it 
Is hard to see any technical advantages to doing that in this 


early stage. 



El,00001 and below. 


by using such specie 1 devices as the scanning electron 
microscope, and pontugr ap3i i c mechanical devices# one could reach 
further, but the technical problems would be enormous, today. 
These will be practical domains, however, after a few years of 
experience with the Q,(h01 field. 


Cnrec t II? l on 


The mOs t effect Eve conf E gurat \ on of equipment, both for 
developing automation and for reacPi 1 ng toward mlcro-techno 1 ogy, 
ie to attack the O.GOl 1 " size range us Eng as much as possible 
from today's methods Tin Industry, machl no-tool t microscopy, and 
sensors from biology and medic Trie, 

The most straightforward configuration F 5 to base the mechanical 
system on a si vaults motorized arrangement of machine-tool 
slides and rotary components. On this, a small mechanical hand 
must be mounted, TFie latter has to be developed, Jr any case, 

3L should pot b? difficult to bring such a system up to the 
performance of the parallel-jaw grasping systems currently in 
use In the AI projects. Study contracts should be started for 
deciding on tile next step. Study of micro-sensors should also 
begin soon* 

Jt wll] taka some time to consolidate robotics knowledge and 
practEce for any application whatever, grid the concurrent 
development 3n the 0»flnl fl size range need not become a 
diversion, since the problems are substantially independent* 

TJju nuxt step, of pushtng Into the ranges of 0.QP01 and below,, 
will require careful planning, and probably would be done most 


profitably 'tilth a particular application in mtnd, This is 
because more of the techniques wilt be new and speCialtzed^ and 
one would reed a clearly defined particular application to 
motivate decisions about how to proceed * flur first candidate 
for such a goal is the assembly uf computer hardware from 
semt conductors, with the rii cro“hand-eye system doing all the 
mounting, posit I on ins, wiring, and physical assembly. 


Modules for the System 


B.O 


To free research workers from the Inadequacies of fine-of-^'klnd 
systems, we want to develop and make avalTable certain mpduTes* 


The modules should be esiasy to assemble from ave(Table 
components, wl th very Tittle special engineering* 

The modules should be small enough that a significant 
robotics project can exist In an ordinary room. In 
fact, our goal Is to make the whole system desk-sI zed. 


A complete system should not be extreme 1y expensive* 

We would like a copy to ccj-st less than J.G0K* 

Enc f den tally, this goal Is parallel to another A, I * 
Laboratory gupl (under NSF support) to (nnke e 
prototype multi-console system for schools, which also 
controls a substantial amount of motorized real-time 
activity In local devices* In fact, the '‘controller 11 ' 
discussed below is being developed Jointly with that 
proj set. 

The system should he fully capable of operating, with 
reduced bandwidth, from remote computation services 


over systems tike the A.KPA network, 


The modest pbysEcal size and simplIcTty of the system should 
help to reduce the general overhead of i^ork Tn th E 5 area, and 
mate Et possible for snail university and industrial 
laboratories to partTcEpate, 


It.i Module 1- The CONTROLLER Device. 

The Controller is a versatile Interface device designed for 
controlling peripheral devices vfa direct or dataphone lines to 
a computer, basically, it Ts a character'str1 eg device* Certain 
characters Eiave control mode effects on the controller while the 
remaining character^ are treated as data* The controller has a 
number of Input and output T, ports" and, depend 1 ii£ on the node 
the controller Is in, data is serially multiplexed hotvmon an 
arbitrary subset of currently active ports* 


Each port can be etiuFpped with any nr all of these features; 


Digital data output with strobe put so. 


Any number of ports can use the sane strobe pulse. If one 
wants "multiple preeditin' 1 ds tn* 

Analog input and output* 1 in plan a chuT eti between AS€ll“ 
based low precision and a.itn 1 -computer word based high 
precis[on data* 


Direct control of digital stepping motors* The controller 
has u microcode for fast posit ion F ns of externa! devices. 

The controller is fast enough to multiplex data at any available 
line bandwTdth* Its r-iicrocode Is efficient in that a single 
character can Interrupt the i:iul t f pi ex Injt node and transmit a 
data stream to any selected port at full line speed, until 
interrupted ond returned to multiplexing: mode by another special 
character * 

For input one can select a cycle of input ports to be scanned at 
a regular rate* Alternatively, one cam use a simple apriority 
system. iO that an external dev Tee idiot wants attention can seize 
a port arid transmit a data stream at full rate until it is 
through or a higher priority device seizes another port. 


A prototype- uf the output part of the controller already exists* 
Vic used It in duly 15 71 to give a demonstration Ert Berkeley, 

Ca 1 1 Forn r a. In which our PDP-lfl time sharing computer in 
Cambridge was programmed to operate simultaneously a keyboard - 
printer, two stepping rwturs and four other output channels* The 
demonstration involved a Mechanical M turtle” moving Find dancing 
to some programmed nu 5 T c> to show educators some of the 
possibilities of using unconventional output devices for 
programs written by young children, ire had no difficulty 
operating these devices simultaneously, at very Impressive 
speeds, ovpr an ordinary phone line. Although the character rate 
was just 30 characters/second, the microcode operates the 
Stepping motors at eight times this rate. 

Ue propose to complete and package the design of the Controller. 
The whole device v.'T 1 T he quite Inexpensive, probably under F4'. 
final cost. Including the telephone interfaces and the stepping 
motor power anti controls. Among other features, the controller 
lia^ o set of relay-switched ports anti indicators, which can 
control other devices, including A*C, power. 

The Controller Is designed to operate either as the 1-0 
interface for a minicomputer, or by Itself usTng only a 
telephone connection to a time-sharing system. For the mlnl- 
robot laboratory, the controller should have no difficulty 


handling the band-eye complex, the console, find a few ether 
devices. The current version of the- controller handles only 7- 
bEt AticI I words; we wl 1 1 have to Rake a lEi-hlt version of the 
controller for this project. 


S.2 Module 2. The MlnI-ManIpulator System* 

Even on the macro-scale, manipulator hardware Es In poor shape 
today* There is a real need for development of a much better 
arm-hand system with good force and pressure feedback actuators 
and a relatively unobstructed working field. 

For thTs project, we plan to produce a simply articulated Hand- 
arm, wEth good forc.e~pos E t Ion actuators and sensors. The design 
will depend portly on the results of a sen i -pub 1 i c. design 
competition. Following this, we will initiate planning studies 
of a much more dextrous hand design, En cooperation with the 
other robotics projects* 

Me plan also to work toward an easily applied laboratory Ir k 1 t ,f 
of motion control devices, for making mechanical experiments 
easy on the non-mini ature scale. The J\*f, Lab plans to develop 
such a ^'kl t IF , eventually. In connection with Its elementary- 


school hardware accessory project, these wl i 1 perhaps serve pa 
first-step prototypes; although they wt 11 not meet Industrial 
specifications, the refill roncnt of Fjoing ehF1ri-proof is pretty 
Strong* 

White the design of the manipulator Is rot yet decided, the most 
straightforward system would seem to he one in whfch a simple 
hand is supported hy a six degree-of-freedom tiase. This couTd he 
a commarcfa 1 three-ax Is rectangular drive, of which there are 
many available, plus three smaller rotator modules, which are 
not so easy to obtain* lie plan to drive these open-loop, 
without force feedback. LSut this base provides a hand mount 
that can be positioned and oriented freely, so at the noun ting 
base ua would provide a sensitive slx-axls strale-sensor with 
which force control can be realized. 

The hand itself would attach to a thin rod, and have a simple 
hemispherIeal-mobilIty wrist, actuated by tendons from the 
mounting base. Thus there would he no complicated actuators 
within the miniature part of the system, finally the hand would 
have a simple grasping action, tendon actuated also. 

Vie will also consider other designs in which the natnl pulati ve 
mobility Ts no re divided., Dne might split the nobility, with 
some degrees of freedom operating a work stage, while others 


itovc Lho hand. There may ho advantage 5 in splitting the system 
into two three-axis devices instead of one six-axis divine, 
liiit vi>u 1 d improve rigidity amt simplify mechanical and 
Information transmission problems* It might also make it 
practical to place more hands and eyas in the sane field, 
assigning only three motion degrees to each* Disadvantages 
Include the effects of notion on the operating "world 1 ' and th e? 
non-independence of the several devices* 


Sensors on hands 

There arc r.iany poss ible approaches to instrumenting smal l 
mechanical hards. Some of the possibilities are: 

I* Standard devices,, such os miniature strain gusges. Fn the 
r:icd E cal area, there exist very snail probe sensors for use in 
cardiac catheters, etc*, to monitor pressure end temperature, 
The basic semiconductor sensors are already quite small, 

2 * Fibre-optic methods* ft single Tight fibre, or a pair, can 
be used Lo transmit Information from any sort of mechanical 
detector by occluding the back-ref lection or transmission 
into another fibre. This Is quite attractive becausel it is 
very easy to do the Instrumentation at the computer and of 


the fibreCs), where there is plenty of room, even If the 
<1 i rioter of the fibre is very snail, 

3, As we noted! in discussing. spaceship applications of 
robotics,, there are new possibilities for using sensors that 
are passlve Tn the sense that they need not transmit data 
back a Ions any direct channel. Instead, their state could he 
observed by the computer eye. While this idea Is probably 
Inappropriate for our moderate size-scale hand system, it is 
someth t ng to explore for future microminiature apelT cations* 
The space position of a simple retro ref 1ective glass head can 
be measured to l micron by now available Interference 
me t hods , 


8*3 Module 3, The Computer Eye, 

Suitable "computer ayes 11 are still not available at 
reasonable costs. A series of industrial eyes would run over 
a wide range of capabilities. The simplest applications could 
use small arrays of separate detectors, with a multiplexing 
device. A deluxe eye needs high precision and resolution, hut 
this could be a joint outcome of optics and mechanical 
devices. Developments In solid state photosensitive arrays, 


or new image tubes, may turn out to he the best thing, and via 
cannot decide yet, 

The eye we plan to use in this project Is simpler than those 
we have used in the past, nnd a few remarks abnuL this are 
appropriate, The orientation of work nn computer vision, in 
the ARPA projects, was never ihtended to hue directly 
applicable to industrial problems., Many of the serious 
problems encountered in those experimental research systems 
can be sidestepped by using Mlu.mination and scanning schemes 
that yield three-dimensional information directly. En this 
v?ay, high performance can he obtained by programs that we 
expect will be much easier to develop and debug, in the 
Artificial Intelligence projects, it should he understood, 
the goal of the vision experiments was to fate certain very 
perplexing problems* such as --- "how can tine use his 
knowledge about the tforlri to reconstruct a three-dimensional 
scene from a single two-dlriensl onal picture," 1 The resulting 
computer pro.grants were indeed able* in some cases, to dcditce 
the spatial position of objects, using elaborate chains of 
reasoning about which objects appear Lo support which others, 
where an object probably rests on the table* and even using 
Information about what object could have caused such-and-such 
a shadow, Ue could have avoided this difficult hind of 
question by using direct three-dimensional range-f1nding 


method, such us the one used by Morn and described in our 
19G9 i>ro,gr(jss report. In the industrial situation one wants 
tu {jot the best Information one can as directly as possible* 
One might consider: 


Stereo 

F o c us Eiioa s u r erne n t s. 
interference methods 
Controlled scanning beam 

The latter was used by lihfrai, of the litL In Tokyo, who is a 
visiting scientist at our laboratory for L971-1H72* Such 
schemes arc practical, yield great precision, simplify the 
photodccectur problems in nost oases. Of course, thoy tend 
to be limited to close range appl3 cations, but that is what 
we want now. 


A.t tills time, the most plausible design for a computer eye for 
automation applications would soer.i to be one Tn which the light 
source projects a slit of light Tn a program selected vertical 
plane* white the receptor neasuros where the light appears Fn 
each horizontal plune+ If the source Is mounted oblique to the 
receptor, the horizontal position of the Intersection yields a 
direct i.icasurei:ien t of the spatial location of the Til uni ogled 


point, by simple tr i angul at Eon. ft Is hard to say what la the 
beat engineering real i 2a El 01* of this, but one sclieme that seems 
practical would be a CRT or laser light source and a vldieori 
pho tode tec tor ■ Lfe have not selected the slit deflect ion system 

yE31■ 

Thu photodetector would be equipped with a specie! Interface in 
which a peak detector finds the location of the intensity 
maximum a Ton*; each horizontal sweep and records the position and 
Intensity In a special memory* Thus, each sweep gives a vertical 
cross-section of the spatial situation. A small number pf such 
scans would be adequate for many positioning and inspect Ton 
applications, and would take only a few TV scans. This system 
alone should handle many problems, Ife hope to odd to it a 
convert t i on a li image acquisition option, using the scime sensor* 

In any case, the decision will tie pond also on the outcome of the 
sensor study being carried out now at Stanford* 


9 * Q 


P re gr annul ng 


b tatidard i z i ng enough basic Vision and. r lan E pu 3 a c i On c&pgbT1 i tTes 
1 s a major research problem* Adapting "general' 1 methods to 
particular jobs involves problems more like those In the 
'‘children's story" anti "common-sense" areas of Artificial 
intelligence research than like those in the automatic machine- 
tool or programming language compiler areas, Physical situations 
have to bo described to tbe machine In terns of goals and 
purposes, as well as in terms of shapes and shadows. If the 
programming job for each application is not to be impossibly 
lengthy and expensive, such programming systems uiI I have to 
have very sr.kgotbTy debugged collect ions of real-life knowledge, 
so that they do not have to be told huge amounts of trivial 
advTce, Soft surfaces should be handled with soft effectors; 
things slide down highly tilted surfaces (and balls roll off 
slightly tilted surfaces?; one should not close a bo* until it 
has been filled, etc. Tills Is all obviously a natter of degree, 
and in a particular situation few such problems may arise, hut 
Id every real situation, one finds i,ume such problems. 

This proposal does not cover doing much of this. Some will be 
done In the main AI project^ but our real goal Is to make it 
easier for other groups to participate In this open-ended area. 


The system mintcomputer wi 1 1 certainly need to have gnpd motor- 

coord i not lo” programs capable of ^rasping objects and using 

available sensors. The visual programs must be capable of 

o1 erne n t a r y t h r ee-d Tme Mil on a 1 analysis of suitable scenes* Thes e 

programs must have Enter faces that make them accessible to 

IIifiller-1 eve 1 programs in the remote computation centers, using 

descriptions cone [an enough to avoid fatal handv^ith limitations. 


CQStS 
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VISION 


For practical a ppl1 ca c Ions i t 3 s iimportant for the visual system 
to be capable of reasonably direct rtingef i nd f ng,. and we expect 
to use the programmable sift scheme -described above, further 
study Is needed to decide on the best system, and It is hard to 
estimate the cost, Fxut the programmable sHt light source, a 
good CCTV eye, and the vldco-proce^si Interface should cost 
&l)h to develop and less to duplicate. 


OPTICS 


Motor I zed optics should cost about dK fc It nay be useful to 
build a flexible rcnote-controlled head, perhaps using fibre 
optics, for vision in tight spaces, but that can wait, 

MECHANICAL 

The basic six-axis mechanical base should cost about 3QK to make 


o r b u y, 


l/c plan to study avail able til cromani puInters, as Candida tes for 
holding the hand --- 5 k acquisition cost. 

Uo will test a rubber of special surgical instruments as parts 
o f ond organs --- IK* 


The simplest hand' that makes sense would have a parallel jaw 
gripper and o spher t cal-mob i 1 l ty wrist close to the gripper. It 
might make sense to investigate a cont 1 nuously-defomabl a 
structure for the wrists easy to fabricate and potentially 
extensible to the micro-dimensional region* Engineers at Draper 
arc Interested in this design problem, 

TIlo axis to the wrist should be instrumented with the six-axis 
force-sensor, 


The first prototype hand will cost about 25K to develop. 
Including notorized wrist and gripper, lie will begin with an 
earlier, larger prototype. Later, we would want to have the hand 
redesigned by an outside firm, and built for reliability In as 
small a siize as is feasible without running Into serious 
problems, Wc arc considering engaging the talent of Ralph 


boslicr, who built many of the r-iost advanced manipulators of the 
past, when he was at General Electric- fie lias also expressed 
1 nterest in this job, 

de include in the proposed budget 2SK for the various design 
ccwnpet i tlons, to ? 11 uw possible subcontractors to submit v/el I 
worked-out proposals, 

When the liand system Is available, It will find -many 
applications as a simple master-slave device, without the 
computer. We util want to have a master input harness for the 
human operator In any case, and this nay cost perhaps 5K to 
build, or to buy. If an available master control from a 
different arm Is suite tile* At a later stage, If the mini “hand 
turns out to be generally useful, a bilateral force-ref 1 acting 
servosy stern should bo developed fur l t, but not as part of this 
contract. The design and human engi near I rig nf LhTs controller 
is difficult. Again, a design competition would be appropriate, 
and funding sought from the appropriate application agency, 

HA$A, AEC, or HIH, The problem of sensory 1 nstrumentat Ion of 
the hand is not well understood, We hope that a six-axis Force 
sensor at the wrist will provide enough Feedback for many 
applications — 2OK to develop or purchase. It would be 
Interesting to explore the fibre-optic 11 sensory nerve 11 Idea, but 
this mlgiit ha more appropriately subcontracted to another 


laboratory; tl, Howland at Lincoln Is interested* 

CGUTRO LLER 

Th-e controller developr.ient should cost about 2&K to carry It 
frona its present state to a version with adequate motor control 
and input multiplexing ability* 

COMPUTER 

The minicomputer for the system, to make low*level vision 
programs, etc*, available to a Network type of operation, wMT 
cost about 5QK, mainly for memory* This does not include cost of 
providing a suitable local display, which we estimate at another 
15-20k, 


PROGRAMMING 

The programming costs would be large In an industrial situation, 
but much of tt can be done here by students, supervised by the 


laboratory staff 


The project needs somet h 1 ng 1 \ kp 3 englneer/des E^ne^s, a system;; 
programmer* a manager, severs 1 students end assistants. fioine of 
them will Ejq shared ui th the A\ project, hut the cost should be 
about f:□ — 100 man months* L'e are est1mating 1,5k cost per man- 
month direct salary plus benefits and overhead* This; low value 
T-s Justif ied Eiy the fact that the A. i , Tab has been able to 
attract highly capable students to do ndvanend work, and we pro 
counting ou the attractiveness of tH 5 project to make thT& 
budget work, 


GENERAL CUN PUT Ell SUPPORT 

The additional Toad on our central computer facilities \t T1T 
require some support In consoles, and primary ahd/or satpedary 
juei.iory* It is difficult to pinpoint this h-ecause ft will 

depend on uhqre the extra traffic has the worst effect, Ho are 
at present extremely weak in the graphic console area, and En 
primary memory, The project will be the main job of our 
existing shop facility. The shop facility i/i 1 1 also be shared 
with trio JJJjF contract that we expect to renew, for developing 
the ml ri 1 -cotnputer system for the LOGO education project, and the 
usual maintenance uf Lho other AI lab projects, These general 
costs appro* Imate 1QCH,, 


In the es L i i.iotns below, the first co Turin fs estimate! cost of 
hardware and materials. The second column is Man-Months of 
engineering work, end the third column Is 1 lan-Konths nf 
progrgr.mi ng for the system* The proposal dons not cover the cost 
of converting the low-level vision protfr aids end the required new 
programs for the i'ii n i-computer system; these will presumably 
happen os the system Is completed, by students associated v/1 th 
the Vision ^roup* 
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